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Abstract. Besides Standard Model measurements and other Beyond Standard Model studies, 
the ATLAS and CMS experiments at the LHC will search for Supersymmetry, one of the 
most attractive explanation for dark matter. The SUSY discovery potential with early data 
is presented here together with some first results obtained with 2010 collision data at 7 TeV. 
Emphasis is placed on measurements and parameter determination that can be performed to 
disentangle the possible SUSY models and SUSY look-alike and the interpretation of a possible 
positive supersymmetric signal as an explanation of dark matter. 



1. Introduction 

Unveiling the nature of dark matter (DM) [1] is a quest in both Astrophysics and Particle Physics. 
Among the list of well-motivated candidates, the most popular particles are cold and weakly 
interacting, and typically predict missing energy signals at particle colliders. Supersymmetry 
(SUSY) and models with extra dimensions are theoretical scenarios that inherently provide such 
a dark matter candidate. The Large Hadron Collider (LHC) [2] currently in operation at CERN 
in Geneva, Switzerland, is an ideal machine for discovering DM in colliders and exploring both 
phenomenological as much as purely theoretical aspects aspects of DM. 

The exploration of dark matter is being complemented by other types of searches of particle 
dark matter: direct detection in low background underground experiments [3] and indirect 
detection of neutrinos, gamma-rays and antimatter with terrestrial and space-borne detectors [4]. 
Experiments in upcoming colliders, such as the ILC [5] and CLIC [6], are expected to further 
constraint such models and make a key step in understanding dark matter. 

The structure of this paper is as follows. Section 2 provides a brief introduction to dark 
matter properties as defined by the current cosmological data. In section 3 the features of 
collider experiments that play a central role in exploring DM are highlighted. In section 4 
we discuss the strategy for discovering supersymmetry at the LHC, some recent results and 
prospects for the near future. Studies on methods to constrain dark matter parameters at the 
LHC, such as particle masses and spins, are reviewed in section 5. Some alternative theoretical 
models yielding a modified DM density and its implications for SUSY searches are discussed in 
section 6. The paper concludes with an outlook in section 7. 

2. Dark matter evidence 

The nature of the dark sector of our Universe constitutes one of the major mysteries of 
fundamental physics. According to observations over the past two decades, most of our 
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Universe energy budget consists of unknown entities: ^ 23% is dark matter and ^ 72% is 
dark energy, a form of ground-state energy. Dark energy is believed to be responsible for the 
current-era acceleration of the Universe. Dark matter, on the other hand, is matter inferred to 
exist from gravitational effects on visible matter, but is undetectable by emitted or scattered 
electromagnetic radiation. A possible explanation then — other than the introduction of a new 
particle — is to ascribe the observed effects to modified Newtonian dynamics (MOND) [7]. There 
is a variety of theoretical proposals predicting DM particles interacting weakly only, as discussed 
in detail below, however the possibility of charged dark matter still remains open [8]. 

The energy budget of the Cosmos (fig. 1) has been obtained by combining a variety of 
astrophysical data, such as type-la supernovae [9], cosmic microwave background (CMB) [10], 
baryon oscillations [11] and weak lensing data [12]. The most precise measurement comes from 
anisotropics of the cosmic microwave background [10, 13]. The third peak in the temperature 
power spectrum, shown in fig. 2, can be used to extract information about the dark matter 
contribution to the Universe energy budget. 
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Figure 1. The energy distribution 
of the Universe according to recent 
cosmological evidence and assuming 
the ACDM model [14]. 
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Figure 2. Temperature power spectrum from 
WMAP7. The third acoustic peak is sensitive to the 
dark matter density [13]. 



Evidence from the formation of large-scale structure (galaxies and their clusters) strongly 
favour cosmologies where non-baryonic DM is entirely composed of cold dark matter (CDM), 
i.e. non-relativistic particles.^ CDM particles, in turn, may be axions [15], superheavy non- 
thermal relics (wimpzillas, cryptons) [16] or weakly interacting massive particles (WIMPs). The 
latter class of DM candidates arises naturally in models which attempt to explain the origin of 
electroweak symmetry breaking and this is precisely where the connection between Cosmology 
and Particle Physics lies. Furthermore the typical (weak-scale) cross sections characterizing 
these models are of the same order of magnitude as the WIMP annihilation cross section, thus 
establishing the so-called WIMP miracle. 



3. WIMPs and colliders 

WIMP dark matter candidates include the lightest neutralino in models with weak-scale 
supersymmetry [17], while Kaluza-Klein photons arise in scenarios with universal extra 

^ The interpretation of the 'raw' astrophysical data in the context of the Universe energy /matter content as 
presented above is based on the Standard Cosmological Model (ACDM) [14], involving cold DM as the dominant 
DM species, and a positive cosmological constant A > 0. Nevertheless, as discussed in section 6, the possibility 
for different theoretical scenarios is open, that modify the estimated DM relic abundance for given cosmological 
observations. 
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dimensions (UED) [18], and lightest T-odd particles are predicted in Little Higgs models [19] 
with a conserved T-parity. The common denominator in these theories is that they all predict 
the existence of a electrically neutral, colourless and stable particle, whose decay is prevented 
by a kind of symmetry: i?-parity, connected to baryon and lepton number conservation in 
SUSY models; i^i^-parity, the four-dimensional remnant of momentum conservation in the 
extra dimensions; and a Z2 discrete symmetry called T-parity in Little Higgs models. The 
origin of DM can be attributed to more than one particles, even within the same theoretical 
framework, e.g. in the degenerate scenario of the next-to-minimal supersymmetric standard 
model (NMSSM) [20]. 

In this paper, we focus on SUSY signatures, although these may be very similar to the other 
afore-mentioned models. i?-parity is defined as: R = (— l)3(B-L)+2S'^ where fi, L and S are the 
baryon number, lepton number and spin, respectively. Hence i? = +1 for all Standard Model 
particles and i? = —1 for all SUSY particles. It is stressed that the conservation of i?-parity is an 
ad hoc assumption. The only firm restriction comes from the proton lifetime: non-conservation 
of both B and L leads to rapid proton decay. i?-parity conservation has serious consequences 
in SUSY phenomenology in colliders: the SUSY particles are produced in pairs and the lightest 
SUSY particle (LSP) is absolutely stable. 

A parenthesis is due here addressing the issue of (not necessarily cold) dark matter in SUSY 
models with i?-parity violation (RPV) [21]. These seemingly incompatible concepts can be 
reconciled in models with a gravitino [22] or an axino [23] LSP with a lifetime exceeding the 
age of the Universe. In both cases, RPV is induced by bilinear terms in the superpotential 
that can also explain current data on neutrino masses and mixings without invoking any GUT- 
scale physics. Decays of the next-to-lightest superparticle occur rapidly via RPV interaction, 
and thus they do not upset the Big-Bang nucleosynthesis, unlike the i?-parity conserving case. 
i?-violating couplings can be sufficiently large to lead to interesting expectations for collider 
phenomenology; these will be the standard signatures of i?-parity conserving supersymmetry, 
with multi-lepton or multi-jet events and the possibility of explicit lepton number violation at 
the final state [24]. Nevertheless determining whether i?-parity is conserved or broken may not 
be trivial as WIMPs, whether absolutely stable or quasi-stable, cannot be detected directly in 
collider experiments. 

Indeed weakly interacting massive particles do not interact neither electromagnetically nor 
hadronically with matter and thus, once produced, they traverse the various detectors layers 
without leaving a trace (just like neutrinos do). However by exploiting the hermeticity 
of the experiments, we can get a hint of the WIMP presence through the balance of the 
energy/ momentum measured in the various detector components, the so-called missing energy. 
In hadron colliders, in particular, since the (longitudinal) momenta of the colliding partons 
are unknown, only the transverse missing energy^ E^^^^^ can be reliably used to 'detect' DM 
particles. 

4. SUSY(-like) searches 

Here we focus on searches for dark matter in the two general-purpose experiments of the LHC, 
namely ATLAS [25] and CMS [26]. We review recent studies^ performed on up to 300 nb~^ 
of LHC proton-proton collisions data at a centre-of-mass energy of 7 TeV. For comprehensive 
accounts of the envisaged analyses, based on Monte Carlo simulations, the reader is referred to 
the ATLAS 'CSC Book' [27] and the CMS Physics Technical Design Report [28]. 

At the LHC, supersymmetric particles are expected to be predominantly produced 
hadronically, i.e. through gluino-pair, squark-pair and squark-gluino production. Each of these 
(heavy) sparticles is going to decay into lighter ones in a cascade decay that finally leads to an 

^ As of December 2010. 
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LSP, which in most of the scenarios considered is the hghtest neutrahno Xii depicted in fig. 3. 
The two LSPs would escape detection giving rise to high transverse missing energy, which is 
rigorously defined in fig. 4. Such a simulated event as it will appear in the ATLAS detector is 
illustrated in fig. 5. 



ATLAS 




Figure 3. An example of the cascade 
decay of heavier to hghtest sparticles. For 
simplicity only one branch is shown here; 
a second one is expected to be present. 
Note the high lepton and jet multiplicity. 
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Figure 4. E^'^^^ definition: the sums 
are over all reconstructed objects and 
calorimeter clusters/towers. 




Figure 5. Transverse view of a simulated SUSY 
event in the ATLAS detector [29]. Note the 
imbalance of the deposited energy distribution 
towards the right-hand side. Two (stable) 
lightest neutralinos (not shown) escape detection 
towards the left-hand side. 



The search strategy followed in the inclusive channels is based on the detection of high 
E'^^^^, many jets and possibly energetic leptons. The analyses make extensive use of data- 
driven Standard Model background measurements. Detailed studies have been carried out for 
various signatures using Monte Carlo data-sets fully simulated with Geant4 [30] for specific 
SUSY signal parameters and for the relevant Standard Model backgrounds. Although various 
SUSY-breaking mechanisms have been considered by the two collaborations, the early results 
and projections for higher integrated luminosity highlighted here have been performed in the 
context of the minimal Supergravity (mSUGRA) model. By assumption the mSUGRA model 
avoids both flavour-changing neutral currents and extra sources of CP violation. For masses in 
the TeV range, it typically predicts too much cold dark matter unless something enhances the 
Xi annihilation, as discussed in section 6. The specific points mentioned here, denoted SUn for 
ATLAS and LMn for CMS, have been chosen to be roughly consistent with the observed CDM 
and represent a variety of different decay modes. 

SUSY searches require careful control over backgrounds from standard model processes. 
Several methods for data-driven background determinations were developed and tested on early 
LHC pp collision data. Such a method allowed CMS to study QCD backgrounds, to control 
jet-energy mismeasurement, and to measure background contributions from processes producing 
non-prompt leptons or hadrons misidentified as leptons [31]. It is based on the discriminating 
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variable for the all-hadronic channel, defined for two jets jl and j2 as: 



4^ 



(1) 



where Mii'''^ is the transverse mass of the two jets, i.e.: 



a/2(1 -cosA(?!>)' 



(2) 



with A(j) the angle between the two jets. The method is roughly based on the concept of 
reversing a cut on a control variable (H^ = X^jetsj^Tj) to check the (ideally) signal- free 
region of a discriminating variable (q^t)- The MC-versus-data agreement in a control sample 
(80 < Ht < 120 GeV) far from the signal region {Ht < 350 GeV) is illustrated in fig. 6. A 
study of the > 0.55 rejection power as the threshold increases demonstrated the robust 
behaviour of the q^t cut [31]. A detailed account of recent SUSY studies performed at CMS 
with LHC early data is presented in ref. [32], whereas a search for long-lived ('stopped') gluinos 
is given in ref. [33] among other searches for New Physics. 
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Figure 6. distribution in CMS multijet 
events for 80 < i^x < 120 GeV. The ax tail 
is reduced to practically zero (not shown) for 
Ht > 120 GeV [31]. 



> 

CD 

CD 
o 





I L dt - 70 nb" 




• Data 2010 = 7 TeV)' 

Monte Carlo 

I I QCD 
I I W+jets 
Z+jets 

SU4 (X10) 

Three Jet Channel 
4 T/.4S Preliminary 



20 40 60 80 100 120 140 160 180 200 

[GeV] 

Figure 7. Distribution of the missing 
transverse momentum for ATLAS events in 
the 0-lepton, three-jet channel after basic 
preselection [34]. Note the long tail in the 
prediction for the SU4 mSUGRA point. 



The first LHC collision data at 7 TeV collected by ATLAS and CMS also allowed testing 
the robustness of the E'^^^^-based strategy for discovering SUSY. This is illustrated in fig. 7, 
where the Monte Carlo Eif^^^ distributions for various SM processes that may fake a SUSY-like 
signal are drawn. The estimates are predominantly based on Monte Carlo simulations, however 
in some cases these have been scaled to data-deduced factors. The data agree well with the 
simulation in the 0-lepton plus three-jet selection [34]. In the same plot, the prediction for the 
(low mass, high cross section) mSUGRA point SU4^ is superposed. The characteristic long, 

^ SU4: mo=200 GeV, mi/2=160 GeV, tan/3 = 10, Aq = -400 GeV, /i > 0. 
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high-E"^^^^ tail of the production of DM particles discussed in section 3 is clearly visible. More 
insight on current DM searches performed by ATLAS, either related to supersymmetry or to 
universal extra dimensions, can be found in ref. [35]. 

The LHC data processed and analyzed so far are (9(100 nb~^), not sufficient to supersede the 
exclusion limits set by LEP and Tevatron. Nevertheless with the ^ 35 pb~^ already recorded by 
ATLAS and CMS and the few inverse femtobarns expected to be provided in the next 1-2 years, 
a discovery will be within reach. This is demonstrated in fig. 8 for the CMS [36] and in fig. 9 
for ATLAS [37] for integrated luminosities from 100 pb~^ to 1 fb~^. The largest coverage is 
achieved through the all-hadronic channel, while comparable reach is provided by the 1-lepton 
mode. Other channels, e.g. the 2-lepton, apart from cross checks, will play a central role — in 
the event of a discovery — in constraining sparticles masses, as discussed in section 5. 
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Figure 8. Estimated 95% C.L. exclusion limits for the all-hadronic SUSY search, based on 
simulated events, expressed in mSUGRA parameter space [36]. 
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Figure 9. 5a discovery reach as a function 
of mo and mi/2 for a tan/3 = 10 mSUGRA 
scan for channels with 0, 1 and 2 leptons. 
The assumed integrated luminosity is 
1 fb-i [37]. 



5. Pinning down dark matter at LHC 

Once clear evidence for a possible supersymmetric signal is established, the question of whether 
this implies the existence of SUSY or one of its lookalike arises. In addition, if we assume that 
it is a SUSY signal, we need to pin down the exact SUSY breaking mechanism and measure its 
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theoretical parameters. Both issues are discussed here, giving some examples of sparticle mass 
measurements and spin and parameter determination. 

5.1. Constraining sparticle masses 

As an example of the methods aiming at constraining sparticle-mass relations in sparticle cascade 
decays, we present here a dilepton analysis studied at CMS with simulated data [38, 39]. Similar 
analyses with ATLAS are documented in refs. [40, 41]. The analysis is targeting an integrated 
luminosity of 200-300 pb~^ at ^/s = 10 TeV and its objectives are: (i) to observe a significant 
excess of opposite-sign same-flavour leptons over the various backgrounds, and (ii) to measure 
the endpoint in the invariant mass distribution. The latter is directly related to sparticle-masses 
differences, being sensitive to opposite-sign same-flavour (OS-SF) dileptons coming from the last 
stages of the decay chain of sparticles: 

q^xU^ i^^^q ^ X? l = eov ^i (3) 

The shape of the distribution largely depends on the exact decay chain, so various mSUGRA 
benchmark points have been considered. For instance at LMO,^ the mass difference of the two 
lightest neutralinos is smaller than the Z boson mass and any slepton mass. Two opposite- 
sign same-flavour leptons come from the decay chain X2 ~^ Xi^^^^? hence the edge position 
represents this mass difference: 

^££,max = rn^i - m^o. (4) 

At the LMl,^ on the other hand, the mass difference of the two lightest neutralinos is 
larger than the mass of the lightest slepton, so a slepton can be an intermediate product in 
the neutralino decay chain X2 ~^ ^R^ ~^ Xi^^^^- The equation connecting the position of the 
edge with sparticles masses takes the form: 

The main sources of physics background are uncorrelated supersymmetric decays and SM 
processes: tt, dibosons, and associated production of W / Z bosons and jets. A data-driven 
strategy has been developed to eliminate these background processes, based on different-flavour 
dilepton (e/i) pairs in order to estimate the background in the ee and //// combinations. It has 
been demonstrated that the background estimate is reliable for flavour-symmetric background 
processes. 

The position of the endpoint in the invariant mass distribution of the two leptons is 
then extracted via a maximum-likelihood fit with components describing the background 
flavour-symmetric processes (see fig. 10, left) and the characteristic triangular shape of the 
supersymmetric signal (see fig. 10, right). The latter may be fitted by a function corresponding 
to a two- or a three-body decay. 

The number of signal events derived from the fit agrees with the true number of signal 
events [39]. The theoretical endpoint value is reproduced in case of the fit with the three-body 
decay model, while the theoretical value is underestimated if the model is fitted for a two-body 
decay. At the benchmark points LMl and LM9,^ a higher integrated luminosity is necessary to 
measure the endpoint. In other studied benchmark points, an integrated luminosity needed to 
obtain a 5a discovery using shape information of 250 pb"^ (LMl) and 350 pb"^ (LM9) [39]. 

^ LMO: mo=200 GeV, mi/2=160 GeV, tan/3 = 10, Aq = -400 GeV, /i > 0. 
^ LMl: mo=60 GeV, mi/2=250 GeV, tan/3 = 10, Ao = 0, )Lx > 0. 
^ LM9: mo=1450 GeV, mi/2=175 GeV, tan/3 = 50, Ao = 0, > 0. 
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Figure 10. Left: The fit of the background function to the e/i invariant mass distribution [39]. 
Right: The combined fit at LMO for 200 pb~^. The green curve represents the SUSY signal 
model, the red curve is the background function and the light green dashed line the Z 
contribution. The black points represent the MC events [39]. 

Further constraints can be set in more complex combinations of sparticle masses if jets are 
added to the invariant mass calculation [27] . If sufficient endpoints are known, then the masses 
themselves can be deduced, e.g. by using a numerical minimization based on the MINUIT 
package [42] to extract the SUSY particle masses from a combination of endpoints. A first look 
at sparticle masses is possible with early data, although with large uncertainties. Appropriate 
model assumptions and additional information will probably have to be used to constrain the 
fits. 

5.2. Parameter determination 

The next step after discovery will be to select specific supersymmetric decay chains to measure 
the properties of the new particles. Here we focus on how a selected set of early studies can 
be combined to obtain the first measurements of supersymmetric masses and of the parameters 
of the mSUGRA model with 1 fb"^ of ATLAS [27] at a centre-of-mass LHC energy of 10 TeV. 
Specific benchmarks in parameter space have been used to demonstrate the precision that can 
be expected from these measurements (such as the SU3^ point here), but the same (or similar) 
techniques can be applied to a considerable portion of the SUSY parameter space accessible 
with LHC data. 

A first glimpse of the possible parameter space can be obtained by performing a Markov-chain 
analysis. With this technique it is possible to efficiently explore a large-dimensional parameter 
spaces and check whether there are several topologically disconnected parameter regions which 
are favoured by a given set of measurements. 

A stringent constraint on the SUSY model can be achieved by fitting theoretical calculations 
for a given set of parameters — performed by spectrum calculators like SPheno [43], 
SoftSUSY [44] or the ISASUSY [45] decay package of ISAJET [46]— to the mass combinations 
acquired by measuring edge points in invariant distributions. This fitting can be performed by 
specialized parameter-fitting packages, such as Fittino [47] or SFitter [48]. In order to estimate 
the expected precision for such measurements, a number of toy fits for a fixed sgn fi has been 
performed by ATLAS [27] . The four-dimensional distribution of parameters obtained from these 
toy fits is used to derive the parameter uncertainties and their correlations. The mean values 

^ SU3: mo=100 GeV, mi/2=300 GeV, tan/3 = 6, = -300 GeV, fi > 0. 
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and uncertainties of the results for the parameters mo, tan/3 and Aq are hsted in table 1. 

The parameters mo and mi/2 can be derived reliably with uncertainties of 0(10 GeV), whereas 

for tan/3 and Aq only the order of magnitude can be derived from these measurements. The 
distribution of the fits can be used to evaluate the toy-fit performance. The observed mean 
= 12.6 lb 0.2 for sgn /i = +1 is compatible with the expected value of A^dof = 11- The solutions 

for the wrong assumption sgufi = — 1, also reported in table 1, cannot however be ruled out as 

the observed mean — 15.4 zb 0.3 is also acceptable. 

Table 1. Results of a fit of the mSUGRA parameters to mass endpoints for the SU3 point in 
ATLAS [27]. The mean and RMS of the distribution of the results from toy fits is reported. 
The two possible assumptions for the digital parameter sgn /i = +1, sgn /x = ±1 have been used, 
resulting in different preferred regions for the other parameters. The experimental uncertainties 
are also shown. 



Parameter 


SU3 value Fitted value 


Uncertainty 


sgn/i +1 


tan /3 


6 7.4 


4.6 


mo [GeV] 


100 98.5 


9.3 


mi/2 [GeV] 


300 317.7 


6.9 


Ao [GeV] 


-300 445 


408 


sgn fi = —1 


tan /3 


13.9 


2.8 


mo [GeV] 


104 


18 


mi/2 [GeV] 


309.6 


5.9 


Ao [GeV] 


489 


189 



Hence with 1 fb~ the reconstruction of part of the supersymmetric mass spectrum will 
only be possible for favourable SUSY scenarios and with some assumptions about the decay 
chains involved. Larger integrated luminosity will help to overcome these limitations, as more 
measurements become possible and the precision of each increases. Furthermore the mass 
spectrum constraints in conjunction with precision observables, such as the {g — 2)^ and the 
b 57, will illuminate the flavour mixing and possibly the CP properties of the supersymmetric 
model [49]. 

5.3. Spin measurement 

Measurements of the number of new particles and their masses will provide us enough 
information to extract model parameters for one of the SUSY models. However, the mass 
information alone will not be enough to distinguish different new physics scenarios. For example 
universal extra dimensions [18] with Kaluza-Klein parity can have a mass spectrum very similar 
to the one of certain SUSY models. However, the spin of the new particles is different and can be 
used to discriminate between models [50]. Another method based on robust ratios of inclusive 
counts of simple physics objects has also been proposed [51]. 

In order to measure the spin of newly discovered particle, one possibility is to use two-body 
slepton decay chains as the ones described earlier in this section. In particular the cascade 
decay of the ql to X2 which further decays to slepton (fig. 11) is very convenient for such 
measurements [52]. 
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Figure 11. Schematic view of L-type squark 
decay. The lepton from the X2 decay is called 
near] the lepton from Il,r decay is called far. 



The charge asymmetry of Iq pairs, for instance, can be used to measure the spin of X25 while 
the shape of dilepton invariant mass spectrum measures slepton spin [53]. The first lepton in 
the decay chain is called the near lepton while the other is called the far lepton. The invariant 
masses m(g'^near) charge asymmetry A is trivially defined as: 

where s'^ — da / dm^ql^^^^) . 

In general is not possible to distinguish between the near and the far lepton and only m(g^near) 
can be measured, diluting A. The expected asymmetry for the mSUGRA benchmark point SU3, 
as estimated by ATLAS for ^/s = 14 TeV, is shown in fig. 12 for a luminosity of 30 fb~^ [53]. 
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Figure 12. Charge asymmetry for lepton- 
jet invariant mass after SFOS-OFOS 
subtraction using both near and far lep- 
tons in SU3 point 



Results show that, in a fast simulation approach without taking into account systematic 
effects coming from a realistic detector description, an integrated luminosity of at least 100 fb~^ 
is needed in the case of the SUl^ point to observe a non-zero charge asymmetry with a confidence 
level of about 99%, while in the more favourable case of the SU3 point 10 fb~^ would be 
sufficient [53] . It becomes therefore evident that even if the LHC experiments observe a SUSY- 
like signal during the next two years (2011-2012) of operation at the 'low' LHC energies of 
7 — 8 TeV, much more data at higher energy of 14 TeV will be necessary to establish the identity 
of the underlying theory. 

A significant role in this context will be played by the high precision measurements expected 
to be performed at the ILC [5, 54]. If the determination of the properties of the DM particle 
by collider experiments [54] matches cosmological observations to high precision, then (and only 

^ SUl: mo=70 GeV, mi/2=350 GeV, tan/3 10, Ao = 0, /x > 0. 
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then) we will be able to claim to have determined what DM is. Such an achievement would be 
a great success of the Particle-Physics/Cosmology connection and would give us confidence in 
our understanding of the Universe. 



6. Interplay between the dark sector and LHC: Alternative scenarios 

The simplest proposal to explain the origin of dark energy is to add a cosmological constant to 
Einstein's equation [14]. However, the reason why the dark matter content is comparable to the 
dark energy content at the present time remains a puzzle. Modifications to general relativity, 
braneworld scenarios, and topological defects are some of the proposals attempting to explain 
this fundamental issue. In string theory, the dilaton can play the role of dark energy [55]. In 
this section we review experimental signatures of SUSY as consequences of a rolling dilaton in 
the Q-cosmology scenario [55, 56] which offers an alternative framework that establishes the 
Supercritical (or non-critical) String Cosmology (or SSC) [55]. Such a dilaton modifies the 
Boltzmann equation, thus diluting the supersymmetric dark matter density (of neutralinos) by 
a factor (9(10) [57, 58] and consequently the parameter-space regions excluded by the standard 
scenario are allowed in the SSC. Such deviating predictions in the DM relic abundance also 
arise in the context of space-time (D-particle) foam in string/brane-theories [59]. However in 
such cases, the effects of the D-particle foam on the relic abundance are opposite to those of 
the dilaton in the SSC models, but their magnitude depends on the string scale and thus such 
effects can be relevant to LHC only for low (TeV) string scales. 

The mSUGRA final states at the LHC favoured by supercritical string cosmology have been 
studied in depth in ref. [60]. It becomes evident by inspecting the two panels in fig. 13, that the 
dark-matter-allowed region has larger values of mo compared to the standard cosmology case. 
Thus, the final states in the SSC scenario are different from those of the standard cosmology. 
For example, in the case of standard cosmology for smaller values of mg (also allowed by the 
{g — 2)^ constraint), we have low-energy taus in the final state due to the proximity of the stau 
to the neutralino mass in the stau-neutralino coannihilation region. On the other hand, in the 
SSC case the final states contain Z bosons, Higgs bosons or high-energy taus. 




Figure 13. WMAP3-allowed parameter space in mSUGRA (mg, mi/2) plane for the standard 
cosmology (left) and the SSC (right) for = and tan /3 = 10: regions where the neutralino 
relic density is within the WMAP3 limits (green stripe) and where it is lower than this (hatched 
region) are shown. Also shown are the mass boundary (dash-dotted blue), the {g — 2)^ la 
(dashed red) and 2a (dotted red) boundaries and the stau-LSP region (lower solid red) [57]. 
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In fact these final states dominate in most of the allowed mSUGRA parameter space. 
Therefore, by analyzing the parameter space of the SSC model, most regions of the mSUGRA 
parameter space at the LHC are explored. The following final states have been studied [60] : 

Higgs decays: {h^ ^) bb + jets + E^'^^ 
Z boson decays: {Z ^) l^l"^ + jets + E^'^^ 
Ditau channel: 2r + jets + E^'^^ 

as well as constructed observables such as the endpoints of invariant mass distributions M^^j, 
Miij^ and Mrrj and the peak position of Mrr- All of these analyses have been studied with 
ATLAS and/or CMS with simulated data at ^5 = 10 or 14 TeV: bb channel [40, 61, 27, 28], 

the Z £^£^ mode [28] and the 2t mode [27, 28]. In the future, when pp collision data at an 
energy of 14 TeV will be accumulated, searches for SUSY with these signatures will be possible. 

It is remarked that the SSC scenario is consistent with the smoothly evolving dark energy 
at least for < 2; < 1.6, in accordance with the observations on supernovae [56], on the galaxy- 
ages-measured Hubble rate [62] and on the baryon acoustic oscillations [63]. Hence it offers a 
cosmologically viable solution. 

7. Outlook 

The origin of dark matter remains one of the most compelling mysteries in our understanding 
of the Universe today and the Large Hadron Collider, already delivering pp collision data at 
CERN at an unprecedented high-energy, is going to play a central role in constraining some 
of its parameters. A deviation from SM in inclusive signatures like missing energy plus jets 
(plus leptons) will hint a discovery of DM, however exclusive studies are required to roughly 
determine the new-particle properties and model parameters. Although the scheme is developed 
with SUSY in mind, it is applicable to other beyond-standard-model scenarios such as UED and 
T-parity Little Higgs. 

If LHC should discover general WIMP dark matter, it will be non-trivial to prove that it 
has the right properties. Future e+e~ colliders (ILC, CLIC) are expected to extend the LHC 
discovery potential and improve the identification of the underlying DM model. By providing 
more precise determination of model parameters, they will consequently put bounds on relic 
density, direct detection rate and WIMP annihilation processes. 

The complementarity between LHC and cosmo/astroparticle experiments lies in the 
uncorrelated systematics and the measurement of different model parameters. In the 
following years we expect a continuous interplay between particle physics experiments and 
astrophysical/cosmological observations. 
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